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This study investigates power generation capacity of stator- augmented PowerWindow, 
a linear cascade wind turbine, when installed in through- building openings of a tall 
building. By employing a new approach, referred to as equivalent momentum sink 
method, the flow characteristics of the ducted flow, such as its pressure, velocity, and 
turbulence intensity are predicted when subjected to different wind directions in pres-
ence of a wind turbine. This study shows that a properly designed layout maintains 
the velocity in the through- building openings for a wide range of wind directions and 
enhances the power generation by 50%- 80% in comparison with the free- stream wind 
turbine installed at the same elevation. This study also compares the power genera-
tion of stator- augmented PowerWindow with a conventional horizontal axis wind 
turbine, Ampair 300, installed in the same through- building openings. The results 
show that the power generation of the ducted stator- augmented PowerWindow is 
close to that of the ducted Ampair 300 in certain wind directions. However, it can also 
effectively generate power at those wind directions that the ducted Ampair 300 is 
unable to operate. The analysis shows that this advantage significantly increases the 
annual power generation probability of the building- integrated stator- augmented 
PowerWindow. As a case study, it is shown that by embedding four through- building 
openings integrated with stator- augmented PowerWindow in a tall building in Sydney 
area, a portion (0.55- 8.07 KW) of the electricity consumption of the building facili-
ties can be supplied 72% of times.
K E Y W O R D S
Ampair 300, building-integrated wind turbine, equivalent momentum sink method, incident wind angle, 
linear cascade wind turbine, PowerWindow, stator-augmented
1 |  INTRODUCTION
Installation of small wind turbines on buildings can poten-
tially generate a part of the energy demand in cities.1,2 One 
of the advantages of the application of wind turbines in urban 
environment is the power generation at the point of use, and 
the reduction of the energy loss and cost of power distribution 
network.3 Studies have shown that the performance of urban 
wind turbines strongly depends on the type and the location 
of the turbines. For example, horizontal axis wind turbines 
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(HAWT) have better performance in flat- terrain applications, 
whereas vertical axis wind turbines VAWT show superior 
performance in high- density building environments.4 Flow 
characteristics in urban area are most often dominated by 
the boundary layer which is characterized by unsteady tur-
bulent flow passing over buildings and structures. Figure 1 
shows the development of the surface boundary layer in an 
urban, suburban, and open country terrain. The boundary 
layer development in urban area is known to be the least 
well- developed. Wind turbines are generally operating in 
relatively low average wind speeds in urban areas.5 Suitable 
locations in and around buildings currently being used for 
integrating wind turbine systems can be categorized into four 
groups: in between two buildings; inside a through- building 
opening; mounted on the roof; and integrated into the façade 
of a building.
Smaller wind turbines are usually mounted on the roofs 
and on the corners of buildings.6 Abohela et al7 have investi-
gated the effect of roof shape, wind direction, building height 
and urban configuration on energy yield and the positioning 
of roof mounted wind turbines. This analysis has shown that 
the positioning of a roof mounted wind turbine, for a par-
ticular roof shape, can enhance the energy harvesting from 
the acceleration of the wind above the building. Integrating a 
wind turbine system to the skin of buildings is also a possi-
bility. It has been shown that by using double skin façade for 
wind energy harvesting, the free- stream wind speed can be 
amplified up to a maximum of 1.8 times inside the corridors 
of the double skin façade.3,8,9
Although the roughness of the terrain in urban envi-
ronments can reduce the velocity and increase turbulence 
of the flow compared to open spaces, it has been reported 
that mounting turbines at high elevations on buildings may 
provide a perfect opportunity for onsite wind power harvest-
ing.10 The application of through- building openings for wind 
energy harvesting was investigated for Pearl River Tower2 
which was then extended by accommodating a site- specific 
local wind climate data. The results indicated that power 
generation was improved particularly at locations where the 
average wind speed was lower and wind was more turbulent.
Dannecker and Grant11 developed a prototype of a 
building- mounted ducted wind turbine. They also conducted 
a series of wind tunnel and numerical tests to evaluate pres-
sure and velocity for different duct configurations. These 
tests achieved velocity enhancements up to a factor of 1.3 
for a wide range of incident wind angles up to ±60°. Grant 
and Kelly12 developed a mathematical model by taking into 
account the pressure drop as a result of the presence of a wind 
turbine to predict the power output. The annual energy bud-
get of the same wind turbine system was assessed by Grant 
et al13 and it was concluded that retro- fitting ducted wind 
turbines into existing buildings has great potential for effi-
cient harvesting of wind energy. By conducting a series of 
wind tunnel tests and CFD simulations, Chong et al14 studied 
the performance of a Sistan wind turbine with an augmented 
guide vane as part of an integrated device for renewable en-
ergy harvesting in high- rise buildings. They concluded that 
the Power Augmentation Guide Vane can increase the rota-
tional speed, torque and power output of a Sistan rotor by a 
factor of 1.75, 2.88, and 5.80, respectively. More recently, 
Krishnan and Paraschivoiu15 studied the optimization of the 
power coefficient of a building- mounted diffusor- augmented 
vertical axis wind turbine. They established that a perfor-
mance enhancement factor of 2.5 could be achieved when the 
shroud was integrated with the wind turbine.”
A properly designed through- building opening has more 
reliable flow characteristics because: (a) it channels the flow 
within a wide range of incident angles and makes it almost 
unidirectional; (b) it acts similar to a high- pass turbulence 
filter and blocks the low frequency turbulence; and (c) the 
confined area of opening limits high- pass turbulence inten-
sity, compared with the outside free- stream flow. Therefore, 
through- building opening has been chosen as the installation 
location for the selected wind turbines in this study.
F I G U R E  1  Development of surface boundary layer in an urban, suburban and country terrain5
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This study aims to investigate the power generation of a 
linear cascade wind turbine (LCWT) integrated with through- 
building openings. LCWTs are a new generation of wind 
turbines. Unlike the conventional HAWTs and VAWTs, the 
blades of LCWTs do not rotate around the rotor axis but move 
translationally in a direction perpendicular to the approach 
wind direction. PowerWindow,16,17 shown in Figure 2A, is a 
compact modular LCWT which can easily fit into any des-
ignated area in a building. Previous study has shown that 
PowerWindow has a greater performance in a ducted area 
compared with free- stream condition.18 Stator- augmented 
PowerWindow is an improved version of this LCWT. In this 
configuration as shown in Figure 2B, stator vanes are attached 
to the device. The stator vanes control the flow direction on 
the blades by (a) decreasing the undesirable axial force on the 
blades; (b) enhancing its power generation by increasing the 
vertical force on the blades; and (c) enabling the device to keep 
its operational direction when subjected to bi- directional ap-
proach wind (SAH Jafari, KCS Kwok, F Safaei, B Kosasih, 
M Zhao, 2018, Under review). This LCWT is also capable of 
generating electricity when the ratio of blade speed to wind 
speed (referred to as the blade speed ratio, λ) is quite low. 
These characteristics make stator- augmented PowerWindow 
a suitable and promising wind turbine to be integrated inside 
through- building openings.
This study also aims to compare the power generation of 
the selected LCWT with a conventional HAWT, referred to as 
Ampair 300, when both the wind turbines are integrated with 
the same through- building opening. The flow characteristics 
change inside the through- building opening once the turbine 
is installed. By capturing some momentum from the flow, the 
ducted turbine increases pressure gradient and reduces the mean 
velocity across the opening. Therefore, for power generation 
analysis of the turbine(s), this study develops a method capable 
of estimating the influence of the turbine(s) on the flow charac-
teristics inside the openings without explicitly modeling them. 
By replacing the actual wind turbines with an equivalent mo-
mentum sink (EMS), this method estimates velocity, pressure 
gradient, and turbulence intensity of the approach wind in the 
presence of wind turbine(s) in the through- building openings.
2 |  METHODOLOGY
Calculating power generation of a building- integrated wind 
turbine is analytically difficult because of the unpredictable 
F I G U R E  2  A, Sketch of the PowerWindow prototype, its blade profile, and blades rotation mechanism at the top; B, Sketch of the stator- 
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interactions between the building and the approach wind. 
Computational fluid dynamic (CFD) simulations can be an 
approach for this purpose. However, this would also be com-
putationally expensive due to three reasons: (a) a building 
alone needs very fine and smooth boundary layer mesh on 
its surfaces, which would demand a massive mesh with nu-
merous (usually millions of) elements in a 3D domain; (b) 
each turbine needs a combination of very fine structured 
and unstructured mesh around it and along its upstream and 
downstream path; and (c) once the turbine is installed in the 
through- building opening, it creates velocity reduction and 
pressure gradient along the opening, which depend on the 
operating λ of the turbine and is itself unknown. As a result, 
massive trial and error processes including different series 
of iterations are needed to be undertaken in order to find the 
operating λ of the turbine, pressure gradient, and velocity re-
duction in the through- building opening.
In order to reduce the computation time, two approaches 
have recently been used for investigating the flow characteris-
tics of a wind farm with several wind turbines. First one is based 
on the virtual blade model (VBM) of the commercial solver 
ANSYS FLUENT, in which a 3D Reynolds- averaged Navier- 
Stokes (RANS) calculation of the flow field is carried out for 
the outer domain, while the effect of the rotating blades on the 
fluid is simulated through a body force, acting inside a disk 
of fluid with an area equal to the swept area of the turbine.19 
The second one is based on an actuator disk model (ADM), in 
which the turbine presence is modeled as a sink of momentum, 
associated to the drag force exerted over it.20 In many near and 
far wake calculations, the rotor is represented by an actuator 
disk acting as a momentum sink.21 Such a representation cir-
cumvents the explicit calculation of the blade boundary layers, 
reducing computational cost and easing mesh generation.22
To analyze wakes of wind turbines at different wind direc-
tion, Jiménez et al23 developed a momentum sink which could 
guarantee that the extraction of momentum by the whole disk 
was equal to the one predicted by the actuator disk theory. 
They compared the wake deflection and trajectories of a sim-
ple analytical model with experimental results. The results 
showed satisfactory agreement between the experiments and 
the analytical model. Jimenez et al24,25 proposed a simplified 
large eddy simulation (LES) model to simulate the turbulent 
flow in the wake of a wind turbine. The turbine was simu-
lated by a set of local sinks of momentum distributed across 
the rotor disk, without reproducing the blade details. The tur-
bulence characteristics, at every point of the computational 
domain were obtained and found to be in good agreement 
with experimental results. Those results indicated that the 
LES model, with the simplified momentum sink approach to 
simulate the rotor, was a very useful tool to simulate real tur-
bulent characteristics in wakes24,25
Therefore, by adopting a momentum sink of the drag 
force that the selected wind turbines exert on the ducted 
flow, this study develops a method, referred to as equiva-
lent momentum sink (EMS) method, capable of estimating 
the flow characteristics and the power generation of a wind 
turbine installed in a through- building opening without 
generating a massive mesh and undertaking trial and error 
processes.
When a wind turbine is installed in a through- building 
opening, it extracts some momentum out of the ducted flow 
and converts that into electrical energy via the generator. 
By decreasing the momentum in the control volume hous-
ing the wind turbine(s), pressure of the ducted flow drops 
from the inlet to the outlet of the volume along the flow 
direction. This momentum extraction cannot happen unless 
the velocity of the ducted flow is reduced compared to a 
situation when no wind turbine is installed. Installing the 
wind turbine(s) in the through- building opening creates an 
adverse pressure gradient at the inlet of the opening, which 
by decreasing the inlet velocity, increases the static pres-
sure at the inlet. A higher static pressure at the inlet would 
result in a higher pressure drop along the duct. A higher 
power generation demands a higher momentum extraction, 
a greater pressure drop and hence a greater velocity reduc-
tion in the through- building opening. Therefore, ignoring 
other effects of the wind turbine on the ducted flow char-
acteristics such as turbulent kinetic energy, the control vol-
ume housing the ducted turbine(s) can be considered as a 
momentum sink which extracts momentum from the ducted 
flow.
FLUENT allows the momentum sink to be modeled as a 
simple homogeneous porous media, is dependent on the ve-
locity magnitude. The sink is composed of two parts: (a) a 
viscous loss term and (b) an inertial loss term. Viscous loss 
or Darcy is the first term on the right- hand side of Equation 1 
and inertial loss is the second term on the right- hand side of 
this equation:
where Si is the source term for the ith (x, y, or z) momentum 
equation, μ and ρ are the viscosity and density of air, |ν| is 
the magnitude of the velocity and D and C are prescribed 
matrices. The ratio of the inertial force to the viscous forces 
of the fluid is known as the Reynolds number (Re) and can be 
estimated using the following equation:
where L is the characteristic of linear dimension.
Re of the LCWT within the target range of inlet wind ve-
locity: 4 m/s < V < 12 m/s was 3.6 × 104 < Re < 1.1 × 105 
based on flow over a flat plate (blade surface). As a result, 
the inertial force is much greater than the viscous forces in 
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When a wind turbine is operating in the duct, it exerts a 
reacting force on the ducted flow opposite to the flow direc-
tion, referred to as thrust. In order to find D and C, the thrust 
of the turbine should be measured at its operating blade speed 
at different velocities and divided by the ducted cross- section 
area. The resultant pressure drop vs the ducted flow velocities 
creates a parabolic curve. D and C values should be selected, 
so that equation 1 matches the resultant curve. This equiva-
lent momentum sink contributes to the pressure drop in the 
porous cell, creating a pressure drop equal to that created by 
the ducted wind turbine(s). The pressure drops (due to the 
viscous loss) that FLUENT computes in each of the three 
coordinate directions within the porous region are as follows:
where 1
ij
 are the entries in the matrix D in Equation 1, j are 
the velocity components in the x, y, and z directions, and 
Δnx, Δny, and Δnz are the actual thickness of the porous re-
gion in the x, y, and z directions.
This study replaces the explicit model of the LCWT and 
HAWT with an equivalent momentum sink (EMS) in the 
through- building openings, the description of which are pre-
sented in the following section. Then, the CFD model calcu-
lates the pressure and ducted flow velocity in the presence of 
the relevant momentum sink. Eventually, using the explicit 
model of the ducted LCWT and ducted HAWT, by simulating 
the ducted wind turbines subjected to the resulted ducted flow 
characteristics, their power generation can be calculated ac-
curately. The user- defined function (UDF) codes which apply 
the relevant EMSs to the CFD simulations are shown in the 
Appendix.
2.1 | Through- building openings
A building model with a square plan and the dimensions of 96 
m × 32 m × 32 m is considered for this study (Figure 3). Two 
through- building openings are created at a representative height 
of 3/4H at two ends of building breadth, where “H” refers to the 
building height. The cross- section area of the through- building 
openings is 4 × 4 m2. The 1/80 scaled model of the building is 
tested at the wind tunnel facility of the University of Sydney 
(Figure 4A) mainly to validate the CFD results.
Prior to applying the selected velocity profiles to the 
inlet of the CFD model, a series of experimental tests were 
undertaken to verify the accuracy of the CFD simulations. 
A number of velocity measurements were acquired from the 
incident wind angle of zero to 60° with an interval of 15°, 
using a Cobra probe with the frequency response of 2 kHz. 
Cobra probe is a multi- hole pressure probe that resolves the 
three components of velocity and local static pressure. The 
setup configuration for Cobra probe measurement is shown 
in Figure 4A. The tip of the probe would be located at the 
center of the corridor and facing toward the free- steam 
wind.
The PIV results have been compared with the Cobra 
probe measurements in the experimental test and shown that 
the results have acceptable agreement with error bound of 
less than 7%.28 It was also found that Cobra probe showed 
more accurate result when the flow angle to the tip of 
the probe was within ±45°. Considering the flow within 
the through- building opening, the flow angles relative to the 
cobra probe was far less than ±45°.28 The data are sampled 
at a frequency of 4 kHz for the duration of 180 seconds. The 
average velocity of the measured data at the wind tunnel and 
computed by the CFD simulations for different wind direc-
tions is shown in Figure 4B. As can be seen, although the 
average velocities predicted by the CFD simulations are 
slightly greater than the Cobra probe measurements, the 
discrepancy remains below 10% for all measured wind di-
rections, which is an acceptable range in practice. The main 
reason of the slight discrepancy between the experimental 
and CFD results might be the simplification of the CFD 
model such as ignoring the roughness of the inner walls of 
the through- building opening and solving the simulation in 
steady- state condition.
2.2 | EMS for the LCWT
In order to develop the EMS for the selected LCWT (stator- 
augmented PowerWindow), CFD model of the LCWT de-
veloped in a previous study17 has been scaled up by two 
times and located in a 4 m × 4 m × 32 m duct. As explained 
in previous study16 PowerWindow is a scalable and modular 
LCWT. Therefore, it would be possible to scale it up, so that 
it can tightly fit into the through- building opening. In this 
part of study, the inlet velocity of the duct has been gradually 
increased from 3 to 15 m/s regardless of the pressure gradient 
needed along the duct. At each ducted flow velocity, power 
generation of the LCWT is calculated and the pressure drop 
it creates along the duct is recorded. The thrust force which 
the EMS exerts on the ducted flow at each velocity can be 
calculated by multiplying the duct area by the pressure gradi-
ent created along the duct.
The operating λ needs to be known to find the power gen-
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where λ is the ratio of the blade speed to the wind speed and 
V is the velocity along the duct. Therefore, multiplying λ by V 
gives the absolute speed of the blades. It should be noted that 
the blades have only vertical velocity when moving up or down 
in the LCWT. Fv is the vertical aerodynamic force on the entire 
LCWT blades. Although the vertical aerodynamic force act-
ing on each individual blade changes when moving from the 
bottom to the top or vice versa, the total vertical aerodynamic 
force acting on the entire blade assembly can be assumed to be 
constant, as each blade is taking the place of another one con-
tinuously. Therefore, the total power generation of the ducted 
LCWT can be calculated by multiplying λV by Fv.
Therefore, a series of CFD simulations have been un-
dertaken at each ducted flow velocity with different λs, and 
coefficient of performance (CP) has been calculated at each 
λ. CP is the ratio of the power generation by a wind turbine to 
the total wind power passing through the wind turbine's area:
where A is the swept area of the turbine.
Ideally, a wind turbine operates at its maximum CP which 
would only be possible at the optimum λ. But in practice, 
the operating λ is usually higher or lower than the optimum 
value. Nevertheless, in the previous study,16 comparison be-
tween the experimental test undertaken in the wind tunnel 
and CFD simulation of the original PowerWindow shows 








F I G U R E  3  Dimensions of the 
building and schematic view of the 
wind turbines in the through- building 
openings26,27
F I G U R E  4  A, 1/80 scaled model 
of the building in the wind tunnel with 
setup configuration of Cobra probe inside 
the through- building opening; and B, The 
average velocity in the through- building 
opening measured by Cobra probe and 
computed by CFD simulations28(A) (B)
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predicted by the CFD simulation. Therefore, this study has 
used the optimum λ as the operating point in order to calcu-
late the power generation of the LCWT and pressure gradient 
which it creates along the duct at each ducted flow velocity. 
However, it should be noted that the efficiency of the genera-
tor is not included in the calculation of the power generation. 
Therefore, the overall CP would be slightly lower than this.
Figure 5A shows that the operating λ measured in ex-
perimental test is very close to the optimum λ predicted by 
the CFD simulations. Therefore, at every inlet velocity, the 
optimum (computed) λ is considered as the operational λ. 
Figure 5B shows the thrust force which the EMS exerts on the 
ducted flow at each velocity. The process of finding power 
generation of the stator- augmented PowerWindow has been 
done once when it is located in the duct and once when it is 
located in the free- stream condition and the calculated power 
generations are shown in Figure 5C. As could be expected, 
power generation of the ducted one is higher than the free- 
stream one. The reason is further explained in another study.18
2.3 | EMS for the HAWT
In order to develop the EMS for the HAWT, CFD model 
of the device developed in previous study29 has been lo-
cated in the same duct. Four HAWTs have been located 
there to fit the cross- section area. The inlet velocity of the 
duct has been gradually increased from 4 m/s up to 18 m/s 
and at each velocity, power generation of the ducted wind 
turbines are calculated and the pressure gradient they cre-
ate along the duct is recorded. The thrust force has also 
been calculated using the similar process as discussed in 
the previous part.
For finding the power generation of the HAWT at each 
ducted flow velocity, rotational speed (ω) of the turbine is 
needed, which is provided by the manufacturer shown in 
Figure 6A.30
where τ is the resultant torque on the rotor of the HAWT.
Using the operating ω at each wind velocity, CFD simula-
tions have been undertaken at different ducted flow velocities. 
The power generation of the turbines is calculated and the pres-
sure gradient they create along the duct is recorded. Figure 6B 
shows the resultant thrust force that all four ducted HAWTs 
exert on the ducted flow at each velocity. The process of find-
ing power generation of the four HAWTs has been done once 
when it is located in the duct and once in free- stream condi-
tion. Power generations are calculated and shown in Figure 6C. 
Power generation of four HAWTs using the data provided by 
the manufacturer is also plotted in Figure 6C to compare with 
the CFD results, which shows that the CFD results have a good 
agreement with the manufacturer results.
(8)P=×,
F I G U R E  5  A, Operating λ of 
PowerWindow detected by CFD simulation 
via calculating the maximum CP, compared 
with the operating λ measured in the 
experimental model;16 B, The resultant 
thrust force of the LCWT on the ducted 
flow; and C, Power generation of the LCWT 
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3 |  CFD SETUP
As discussed in the methodology section, the ducted flow 
characteristics need to be investigated in the through- building 
openings in two phases: (a) when the entire building is sub-
jected to the approach wind and no wind turbine is installed; 
and (b) when a duct resembling the through- building opening 
is subjected to the approach wind and the wind turbines are 
installed. Section 3.1 presents the computational domain en-
closing the building with the through- building openings, and 
Section 3.2 presents computational domain of the through- 
building opening enclosing the wind turbines.
3.1 | Building computational domain and 
boundary conditions
The dimensions and boundary conditions of the computa-
tional domain enclosing the building are shown in Figure 7A, 
which are in accordance with the CFD guidelines for flow 
simulations in urban environment.31 The building is located 
in a large domain where it has 3H distance from the inlet, 
10H from the outlet, 1.25H from each side and 1.67H from 
the top (to be consistent with the wind tunnel cross- section). 
The bottom and sides are set to no- slip condition and the top 
is set to zero shear stress.
At the inlet boundary, a wind profile is imposed in accor-
dance with the mean velocity and turbulent intensity corre-
sponding to an open terrain (TC2) in the Australian Standards 
AS/NZS 1170.2:2011. As shown in Figure 7B, the velocity is 
normalized by the velocity magnitude at building height (H) 
at free- stream (Uref). The outlet is set to outflow condition 
with zero velocity/turbulent intensity gradient.
The building is located in a cylindrical subdomain, shown 
in Figure 8A, which can rotate similar to turn table in wind 
tunnels and enables the inlet flow to approach the building with 
different incident wind angles (ϕ). As shown in Figure 8B, 
finer mesh has been generated on and around all the corners 
and edges of the building especially in those surfaces which are 
closer to the through- building openings. The EMS is placed 
at the middle of the through- building openings, instead of the 
wind turbines. By activating the sink of momentum, the simu-
lations estimate the flow characteristics in the through- building 
opening in the presence of wind turbine(s) and by deactivating 
the sink of momentum, the simulations can estimate the flow 
characteristics of the empty through- building opening. Steady 
SST k − ω turbulence model with the SIMPLE scheme for 
pressure- velocity coupling and second order discretization for 
F I G U R E  6  A, power generation and rotational speed of Ampair 300 subjected to different approach wind velocities;30 B, The resultant 
thrust force that all four HAWTs exert on the ducted flow; and C, Power generation of four ducted and free- stream HAWTs, computed by CFD 
simulations and using the manufacturer's data
(A)
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pressure and momentum is considered and the value of y+ is 
maintained below 300 on all walls. y+ is a nondimensional wall 
distance for a wall- bounded flow which can be calculated by 
the following equation:
where u* is the friction velocity at the nearest wall, y is the 
distance to the nearest wall, and v is the local kinematic vis-
cosity of the fluid.
3.2 | Computational domain and boundary 
conditions of wind turbines
The through- building openings were created at two ends 
of 3/4H of the building's breadth. Each through- building 
opening is essentially a long duct where the LCWT or 
the HAWTs are installed in. Dimensions of the duct are 
4 m × 4 m × 32 m, and the wind turbine(s) is/are located 
at the middle as shown in Figure 9A,B. For the HAWTs, 
using the symmetry boundary condition, one quarter of 
the corridor housing one single turbine has been built up 
and extended to the other three quarters. Using Multiple 
Reference Frame (MRF), the rotor of the HAWTs and front 
and rear blades of the LCWT are located in a rotating disk 
and translating frames, respectively. In order to achieve a 
balance between solution accuracy and calculation time, a 
combination of structured and unstructured mesh is used 
in this study. This technique helps to decrease the number 
of elements while having a high quality mesh around the 
body.29 A number of layers with structured rectangular ele-
ments are generated around the blades, and this fine mesh 
region is connected to the outer coarser structured region 
via unstructured triangular elements. The 3D model of the 
HAWT and the LCWT contain 1 678 320 and 5 128 740 
elements, respectively.
The frame of the hybrid region containing the front and 
rear blades is selected as moving frames which can move 
vertically within the domain. The boundaries of the blades 
are set to moving wall with zero velocity relative to their 
adjacent cells. As a result, their vertical/rotational velocity 
would be equal to the MRF- surrounding cells. The inlet 
boundary condition is changed within the target range. 





F I G U R E  7  A, The CFD domain and boundary conditions; B, Normalized mean velocity and turbulence intensity profiles at the target 
location in an empty domain28
(A)
(B)
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(the ratio of turbulent to laminar viscosity) of 10 is set for 
inlet, and outlet boundary condition is set as outflow. The 
standard pressure correction method and a first order up-
wind scheme is used.
The operating λ applied on the rotating disk and the 
translating frames at each inlet velocity has been identi-
fied, as previously discussed in the methodology section. 
The inlet velocity, the pressure and the turbulent kinetic 
energy of the through- building opening extracted from the 
simulations undertaken for the whole building (explained 
in the previous section) are imposed at the inlet of the 
duct. Outlet is set as outflow condition. Steady SST k − ω 
turbulence model with the SIMPLE scheme for pressure- 
velocity coupling and second order discretization for pres-
sure and momentum is considered for the simulations. The 
value of y+ is maintained below 2 on the blades surfaces of 
the HAWTs and the LCWT and below 300 on inner duct 
surfaces.
4 |  RESULTS AND DISCUSSION
Using the EMS method and explicit model of the wind tur-
bines in the duct, flow characteristics and power generation 
have been obtained and presented in the following sections. 
Section 4.1 presents the effect of the building on the ducted 
flow in the empty through- building openings. Section 4.2 
presents the effect of the LCWT on the ducted flow by in-
stalling the synchronized EMS in the through- building open-
ings. And considering the mutual effects of the building and 
the wind turbines on the ducted flow in the through- building 
openings, Section 4.3 presents and compares the total power 
generation of the LCWT and the HAWTs at different ap-
proach wind velocities and directions.
4.1 | The effect of the building on the 
ducted flow
The geometrical parameters of the through- building openings 
(such as: length, cross- section area, inlet and outlet shape) and 
the building itself (such as H and ϕ) strongly influence the 
characteristics of the ducted flow. Therefore, by deactivating 
the EMS located at the middle of the through- building open-
ing, effect of the mentioned parameters has been investigated 
on the ducted flow in the absence of HAWTs or LCWT. The 
velocity contours around the building and inside the through- 
building openings at ϕ = 0° when the free- stream veloc-
ity at H is 12 m/s (Uref = 12 m/s) and at the 3/4H is 11 m/s 
(U3/4H = 11.6 m/s) and the EMS is deactivated, are shown in 
Figure 10A,B. These contours indicate that at ϕ = 0°, the rep-
resented through- building opening enhances the velocity. As 
can be seen in the figures, on the windward side of the build-
ing the recessed region has trapped the approach wind which 
would expect to increase the static pressure there, while the 
flow detachment at leeward side of the building would expect 
to decrease the static presser there. The overall effect should 
result in a high pressure gradient along the through- building 
openings which has increased the velocity. The pressure con-
tours are presented in Figure 11A. However, the flow charac-
teristics inside and around the building and through- building 
openings are also strongly dependent on ϕ.
For investigating the effect of ϕ on the ducted flow veloc-
ity in the through- building openings, the building model has 
been rotated by 30° and 60° against the approach wind direc-
tion. Figure 11A- C shows the static pressure and resultant ve-
locity contour, in terms of surface pressure coefficient (Csp) 
and velocity ratio (RV) in the through- building openings at 0°, 
30°, and 60° when Uref = 12 m/s and U3/4H = 11.6 m/s. Csp 
shows the ratio of the local static pressure to the free- stream 
F I G U R E  8  A, Cylindrical subdomain containing the building; and B, Fine mesh generated on and the surfaces in and around the through- 
building openings
(A) (B)
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dynamic pressure and VR shows the local velocity to the free- 
stream velocity:
Figure 11A shows that as expected at ϕ = 0° on the wind-








F I G U R E  9  Through- building openings replaced by a simple duct containing (A) the LCWT and (B) the HAWTs
(a)
(b)
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region has increased the static pressure there and at the lee-
ward side of the building the flow detachment has created 
a very low pressure there. Therefore, the high pressure gra-
dient created along the openings at 0° increases the ducted 
flow velocity in the through- building openings to above 
U3/4H. Comparing Figure 11A,B shows that the velocity of 
the ducted flow has even slightly increased at ϕ = 30° which 
should be due to the lower negative pressure created at the 
outlet of the openings. Comparing Figure 11A and C shows 
that at ϕ = 60° the ducted flow velocity has dropped below 
6 m/s in the right opening while it is still above 12 m/s in the 
left one. The reason is that the flow detachment at the inlet of 
the right through- building opening has strongly decreased the 
static pressure and consequently the pressure gradient along 
this opening.
4.2 | The effect of the LCWT on the 
ducted flow
For investigating the effect of ducted flow on power genera-
tion of the LCWT, Csp and RV contours are plotted at ϕ = 0°, 
30°, and 60° when the free- stream velocity is 12 m/s at the 
3/4H of the building, and the EMS of the LCWT is activated. 
As can be seen in Figure 12A- C, compared with Figure 11A- 
C, the pressure gradient is focused at the location of the EMS 
and the velocity has decreased in the through- building open-
ings. According to RV contours, the ducted flow has lower 
velocity than U3/4H in the openings at 0° when the LCWT is 
installed in the through- building openings.
Similar to the empty through- building openings, at 30° 
the velocity is slightly higher than at 0° which should be 
due to the similar reason (lower pressure created at the out-
let of the openings). Comparing Figure 12A and C shows 
that at 60° the ducted flow velocity has dropped below 
90% of the free- stream velocity in the left through- building 
opening and below 30% in the right one. On the other hand, 
according to Figure 4C, power generation of the LCWT in 
the duct is about 30%- 70% higher than in the free- stream 
condition. Therefore, the overall effect of the through- 
building opening on the wind turbines at low ϕs may not 
be decreasing their power generation compared with the 
free- stream condition. However, the power generation will 
dramatically drop in one of the through- building openings 
when the ϕ increases.
Using EMS method, the mean velocity, inlet pressure, 
and turbulent kinetic energy (TKE) of the ducted flow are 
estimated and recorded in the presence of the ducted LCWT 
and shown in Table 1(A- D). Uref is 6, 9, 12, and 15 m/s in 
Table 1(A- D), respectively. U3/4H at each velocity profile is 
also presented.
F I G U R E  1 1  Csp and RV contours of the ducted flow at ϕ = (A) 0°, (B) 30° and (C) 60° when Uref = 12 m/s (U3/4H = 11.6 m/s) and the EMSs 
for the LCWT are deactivated
(A) (B) (C)
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4.3 | The effect of the ducted flow on power 
generation of the LCWT and HAWT
The resultant flow characteristics of the approach wind in the 
through- building opening in presence of the LCWTs are ap-
plied to the inlet of the simple duct which explicitly houses the 
LCWTs. Power generation of the ducted wind turbines installed 
in the left and right through- building openings at ϕ = 0°, 30°, 
and 60° are computed and compared with each other and their 
free- stream condition. In Figure 13A- D, the left axis shows the 
resultant power generation of the LCWT installed in the through- 
building openings at ϕ = 0°, 30°, and 60° and the right axis 
shows the power generation ratio (RP) of the ducted LCWT to the 
free- stream one when Uref is 6, 9, 12, and 15 m/s, respectively.
The resultant RPs indicate that installing the wind tur-
bines in the selected through- building opening enhances 
their performance compared with their performance in the 
free- stream condition, not only at ϕ = 0° but also at other 
angles. As expected from Csp and RV contours in Figure 12, 
power generation of the LCWT in ϕ = 30° is greater than 
in ϕ = 0° because of the higher pressure difference created 
across the building. This figure also indicates that the maxi-
mum RP of the LCWT is about 1.8 at Uref = 6 m/s which has 
decreased to about 1.5 when Uref = 15 m/s. In other words, 
the enhancement effect of the through- building openings on 
power generation of the LCWTs is lower at higher velocities. 
The reason could be that the current configuration (of stator- 
augmented PowerWindow) is designed for the approach 
wind velocity of 8 m/s, and needs to be optimized for higher 
velocities.
Flow characteristics of the approach wind in the through- 
building opening have also been investigated and recorded in 
presence of the HAWTs and the resultant flow characteristics are 
applied to the inlet of the simple duct which explicitly houses the 
HAWTs. Power generation of the ducted wind turbines installed 
in the left and right through- building openings at ϕ = 0°, 30°, 
and 60° is computed and compared with each other and their 
free- stream condition. Similar to Figure 13, in Figure 14A- D, 
the left axis shows the resultant power generation of the HAWTs 
installed in the through- building openings at ϕ = 0°, 30°, and 
60° and the right axis shows RP of the ducted HAWTs to the 
free- stream one when Uref is 6, 9, 12, and 15 m/s, respectively.
The resultant RPs of the HAWTs show that similar to the 
LCWTs, their installation in the selected through- building 
openings enhances their performance compared with their 
free- stream condition. However, comparison of Figures 13 
and 14 shows that the power generation of the LCWT has not 
increased as much as the HAWTs. The reason is the higher 
solidity of the LCWT which demands higher pressure gra-
dient along the through- building opening, and subsequently 
F I G U R E  1 2  Csp and RV contours of the ducted flow at ϕ = (A) 0°, (B) 30° and (C) 60° when the Uref = 12 m/s (U3/4H = 11.6 m/s) at and the 
EMSs for the LCWT are activated
(A) (B) (C)
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by decreasing the mass flowrate in the opening decreases the 
ducted velocity.
The sum of the generated power of the right and left 
LCWTs and HAWTs is calculated when the building is ex-
posed to different velocity profiles and different ϕs and 
shown in Table 2. As can be seen in the table, at ϕ = 0°, 
30°, and 60° the total power generation of both the ducted 
wind turbines is relatively close (maximum 20% higher or 
lower than one another). It should be noted that, the maxi-
mum power generation of the selected HAWT (Ampair 300) 
is not normally above 0.35 KW in free- stream condition but 
the studies have shown that its capacity increases when it is 
operating in a ducted configuration.32 The increase in power 
generation is due to the increase of τ (in Equation 3). Even 
though, power generation of each ducted HAWT cannot ex-
ceed 0.6 KW. Therefore, at higher approach wind velocity 
(15 m/s or higher) is a constant 0.6 KW. The other important 
issue is that, due to the geometrical symmetry of the selected 
building, the total power generation of the wind turbines is 
identical at ϕ = 30° and −30° or 60° and −60°, as the power 
generation of the right and left wind turbines integrated with 
the through- building openings would only be swapped with 
one another at these ϕs. The free- stream velocity at 10 m 
above sea level (U10) at each Uref is also presented.
The main difference between the power generations of 
the LCWT and HAWT appears when ϕ exceeds 90°. When 
the approach wind comes from the other side of the build-
ing, regardless of the exact value of ϕ, the ducted flow di-
rection changes by 180° and the passive yaw mechanism 
of the HAWT is not capable of responding to this change 
of flow direction. Therefore, the HAWTs cannot oper-
ate unless by using active yaw mechanism. However, as 
shown in the previous study, the LCWT (stator- augmented 
PowerWindow) is designed and configured to be capable of 
operating continuously regardless of wind direction. This 
is a prime advantage for the LCWT. To demonstrate the 
value of this advantage, the annual operating probability 
of these two wind turbines can be compared when installed 
in the selected through- building openings of a building lo-
cated in Sydney region.
T A B L E  1  Characteristics of the ducted flow when the EMS of the LCWT is activated in the right and left through- building openings at 
different ϕ when Uref = (A) 6 m/s, (B) 9 m/s, (C) 12 m/s and (D) 15 m/s
Incident wind angle (°) Through- building opening
Inlet gauge pressure 
(Pa) Mean velocity (m/s) TKE (m2/s2)
(A) U3/4H = 5.8 m/s
0 Left & right 0.99 4.72 0.65
30 Left 0.08 4.94 0.58
Right −1.24 4.90 0.58
60 Left −3.91 4.35 0.42
Right −14.71 1.99 0.26
(B) U3/4H = 8.7 m/s
0 Left & right 2.25 7.18 1.49
30 Left 0.08 7.40 1.62
Right −1.24 7.46 1.33
60 Left −32.39 6.66 0.96
Right −8.29 3.14 0.64
(C) U3/4H = 11.6 m/s
0 Left & right 3.84 9.61 2.66
30 Left −0.34 10.00 2.89
Right −5.67 9.94 2.37
60 Left −17.35 8.90 1.69
Right −64.32 4.32 1.17
(D) U3/4H = 14.5 m/s
0 Left & right 5.85 12.03 4.15
30 Left −1.28 12.54 4.53
Right −9.63 12.45 3.72
60 Left −23.11 11.24 2.68
Right −98.43 5.58 1.86
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Figure 15 shows the probability distributions of hourly 
mean wind speeds with direction for Sydney Airport at 45° 
intervals at a height of 10 m over open country. It can be seen 
that, if the building faces North West, the approach wind has 
a great probability to channel through the openings. In this 
case, the HAWT, by collecting the wind energy at ϕ = −45°, 
0, and 45°, excluding the probability of having U10 < 2.8 m/s 
(which is below the cut- in speed of both the wind turbines), it 
has the annual operating probability of about 24%, while the 
LCWT by collecting the wind energy at ϕ = −135°, −45°, 
0, 45°, 135°, and 180°, excluding the probability of having 
U10 < 2.8 m/s has the annual operating probability of about 
56%. More detailed analysis of the total annual energy pro-
duction of LCWT in different wind climates and urban ter-
rains needs further investigation which can be considered for 
future research.
Creating one more pair of the through- building openings 
(eg, on the next floor of the building), perpendicular to these 
F I G U R E  1 3  Power generation and 
power generation ratio of the LCWTs 
installed in the left and right through- 
building openings at ϕ = 0°, 30° and 60°, 
when Uref = (A) 6 m/s, (B) 9 m/s, (C) 12 


















































































F I G U R E  1 4  Power generation and 
power generation ratio of the HAWTs 
installed in the left and right through- 
building openings at ϕ = 0°, 30°, and 60°, 
when Uref = (A) 6 m/s, (B) 9 m/s, (C) 12 
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Uref (m/s) U10 (m/s)
Incident wind 
angle (°)
Power generation of 
the LCWTs (KW)
Power generation of 
the HAWTs (KW)




























T A B L E  2  Total power generation of 
the right and left wind turbines integrated 
with the through- building opening when the 
building is exposed to different velocity 
profiles and ϕs
F I G U R E  1 5  Wind rose of Sydney34
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ones, enables the potential of wind energy harvesting at any 
direction. In other words, at any given time, at least two of 
the turbines are operating, provided that the wind speed ex-
ceeds the cut- in speed of wind turbines. Based on the wind 
rose of Sydney (Figure 15), excluding the probability of hav-
ing U10 < 2.8 m/s (which is below the cut- in speed of the 
LCWT), a minimum of (0 + 0.55=) 0.55 KW and maximum 
of (2.45 + 2.62 =) 8.07 KW power generation can be guar-
anteed 72% of the times throughout the year, which is suffi-
cient to supply a portion of the electricity consumption of the 
building facilities.
5 |  CONCLUSION
Employing the equivalent momentum sink method, de-
veloped in this study, characteristics of the ducted flow is 
predicted in presence of stator- augmented PowerWindow, 
a linear cascade wind turbine (LCWT) and power genera-
tion capacity of the LCWT is investigated when it is in-
stalled in a through- building opening in a tall building. The 
equivalent momentum sink method enables the estimation 
of pressure, velocity, and turbulence intensity of the flow 
in the through- building opening integrated with a wind 
turbine and subjected to different wind directions. It is 
shown that the selected through- building openings with a 
properly designed layout can maintain the velocity of the 
flow in the openings in a wide range of wind directions 
(−60° < ϕ < 60°) and enhances the power generation by 
50%- 80%. Power generation of the LCWT is also compared 
with a conventional horizontal axis wind turbine (HAWT), 
Ampair 300, installed in the same through- building open-
ing. The results show that in certain incident wind angles, 
velocity of the ducted flow is higher than the free- stream 
velocity at the same elevation. By installing the LCWT in 
the through- building opening the ducted flow velocity de-
creased below the free- stream velocity at the same elevation 
due to the increase in the pressure gradient demanded along 
the opening. It is computed and shown that power genera-
tion of the ducted LCWT is close to the ducted HAWTs in 
some incident wind angles, but the LCWT is also able to ef-
fectively operate at above 90° where the ducted HAWTs are 
not. As a result, with 56% annual power generation prob-
ability, the LCWT is superior to the HAWT with 24% an-
nual power generation probability for building integration 
in Sydney. As a case study, it is also shown that in Sydney 
area by embedding four through- building openings inte-
grated with stator- augmented PowerWindow in the selected 
building, a minimum of 0.55 KW and maximum of 8.07 
KW power generations can be guaranteed 72% of the times 
throughout the year which is sufficient to supply a portion 
of the electricity consumptions of the building facilities.
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NOMENCLATURE: 
CP Coefficient of performance (dimensionless)
Csp Surface Pressure Coefficient (dimensionless)
FV Vertical aerodynamic force on LAWT blades (N)
H Building height (m)
P Power (KW)
p Pressure (Pa)
RP Power generation ratio (dimensionless)
RV Velocity ratio (dimensionless)
TKE Turbulence kinetic energy (m2/s
2)
U10 Free-stream velocity at 10 m above sea level (m/s)
U3/4H Free-stream velocity at 3/4H (m/s)
Uref Free-stream velocity at H (m/s)
V Air velocity along the duct (m/s)
μ Air viscosity (m2/s)
ρ Air density (kg/m3)
λ Linear speed ratio (dimensionless)
τ Aerodynamic torque on HAWT rotor (N.m)
ϕ Incident wind angle (°)
ω Rotational speed of HAWT rotor (rad/s)
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APPENDIX 
The compiled UDF prepared to apply the presence of the 
LCWT to the CFD solver:
The compiled UDF prepared to apply the presence of the 
HAWT to the CFD solver:
